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Abstract For the near-calm stable boundary layer, nominally 2-m mean wind speed
<0.5 m s−1, the time-average turbulent flux is dominated by infrequent mixing events. These
events are related to accelerations associated with wave-like motions and other more com-
plex small-scale motions. In this regime, the relationship between the fluxes and the weak
mean flow breaks down. Such near-calm conditions are common at some sites. For very
weak winds and strong stratification, the characteristics of the fluctuating quantities change
slowly with increasing scale and the separation between the turbulence and non-turbulent
motions can become ambiguous. Therefore, a new analysis strategy is developed based on
the scale dependence of selected flow characteristics, such as the ratio of the fluctuating
potential energy to the kinetic energy. In contrast to more developed turbulence, correlations
between fluctuating quantities are small, and a significant heat flux is sometimes carried by
very weak vertical motions with large temperature fluctuations. The relation of the flux events
to small-scale increases of wind speed is examined. Large remaining uncertainties are noted.
Keywords Cold pool · Intermittency · Mixing events · Nocturnal boundary layer ·
Stable boundary layer
1 Introduction
In ‘near-calm’ thin stable boundary layers, turbulence is generated primarily by wave-like
motions, microfronts and other more complex motions on time scales of minutes or tens of
minutes. Based on our datasets, these conditions are common during cloudless synoptically
inactive periods over flat terrain, and common for a wider range of conditions in valleys and
basins where cold pools form (Heywood 1933; Whiteman 2000; Cuxart et al. 2007; Vosper
and Brown 2008; Yao and Zhong 2009; Bodine et al. 2009; Mahrt et al. 2010). Near-calm
conditions can be associated with the very poor dispersion of contaminants, low surface
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temperatures and/or the formation of dense fog. Although near-calm conditions are most
common in very stable conditions, they also occur in neutral and unstable conditions.
The near-calm regime over relatively flat terrain is related to the ‘radiation’ case of Van
de Wiel et al. (2003); the extremely weak turbulence case of Mahrt and Vickers (2006),
stability class 5 from Basu et al. (2006) and the extremely stable conditions of Sorbjan
(2010). For such conditions during the polar night, Grachev et al. (2005) found that Ekman
rotation of the wind vector may become important even close to the surface, invalidating
Monin–Obukhov similarity theory. Because of non-stationary shear generation of turbu-
lence, the turbulence never completely vanishes and the concept of a critical Richardson
number, above which the flow becomes laminar, does not apply (Zilitinkevich et al. 2007;
Galperin and Sukoriansky 2010). Although the near-calm regime has received little model-
ling attention, the modelling analysis of Derbyshire (1999) provides insight into potential
difficulties. Several features of the near-calm regime can be anticipated from studies in the
literature:
1. The surface friction velocity (u∗) associated with the mean flow may no longer be a
dominant governing velocity scale (Grachev et al. 2005; Sorbjan 2010). In such condi-
tions, the Ekman number may become less than one, leading to significant rotation of
the wind vector with height (Grachev et al. 2005). The non-dimensional shear, φm , may
still be highly correlated to z/L because percentage-wise large erratic variations of u∗
may dominate the variation of both φm and z/L , corresponding to self-correlation (Hicks
1981; Klipp and Mahrt 2003; Baas et al. 2006), where L is the Obukhov length.
2. Wind profiles often deviate substantially from normal boundary-layer structure described
by similarity theory. Such profiles may include a near-surface wind maximum at heights
as low as a few metres, inflection points and significant directional shear of either sign
(Mahrt 2008). Near-surface wind maxima occur over flat terrain, but are particularly
common in the presence of thin drainage flows. The directions of the mean wind, wind
shear and stress vectors can deviate significantly in near-calm flow.
3. The ‘boundary layer’ may be sufficiently thin (Smedman 1988) that standard observa-
tional levels, even as low as 2 m, may be above the surface layer, if it exists.
4. Gravity waves with periods much larger than the largest turbulent time scales can lead
to modulation of the turbulence as a result of clear separation between turbulence and
wave scales (Finnigan et al. 1984; Sun et al. 2004; Meillier et al. 2008; Nappo et al.
2008; Tjernström et al. 2009; Fritts et al. 2009; Viana et al. 2009, 2010; Bou-Zeid et al.
2010). However, partitioning the fluctuations between turbulence, the smallest waves
and other non-turbulent motions may be problematic for some situations, suggesting that
these phenomena should be studied in concert (Galperin et al. 2007). There is no well-
defined cut-off scale that separates the turbulence and non-turbulent motions; the motion
characteristics vary continually with scale. The forcing of the turbulence itself becomes
stochastic.
5. Forcing of turbulence by wave-like motions that are deep and/or propagate from distant
sources may preclude local boundary-layer scaling (Finnigan 1999).
6. Time-averaged turbulence quantities may be strongly influenced by infrequent events
(Howell and Sun 1999; Yagüe et al. 2006). The observed mixing events can be generated
at the surface or result from downward bursting of turbulence (Nappo and Chimonas
1992). The nature of these transient events are site dependent (Mahrt 2009) and preclude
simple universal theories. The mixing events in near-calm flow are less frequent than in
most intermittency studies in the literature (Katul et al. 1994), yet can still dominate the
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averaged fluxes. The mixing events appear to be often initiated by transient disturbances
that are not captured in models (Belušic´ and Güttler 2010).
Near-calm cases have been often eliminated from existing analysis by imposed minimum
conditions on turbulence intensity or non-stationarity, or they are simply eliminated as out-
liers. Since the physical understanding is too limited to form scaling variables, initial work
must concentrate on basic understanding without scaling. Although the near-calm boundary
layer is complex and will not yield to simple similarity theory, the current study reveals new
information on characteristics of these seldom studied motions.
2 Data
The primary dataset is FLOSSII (Fluxes Over Snow-covered Surfaces II) collected from 1
December 2002 to 31 March 2003 in the North Park Basin of north-west Colorado, U.S.A.
(Mahrt and Vickers 2006). While near-calm conditions occur more often for some of our
other datasets, adequate vertical information is not available. The standard CASES-99 data
set contains only two nights approaching our near-calm criteria and is not used here.
We have examined both tilt-rotated (Acevedo and Mahrt 2010) and unrotated data. The tilt
correction does not significantly affect the turbulent heat fluxes, but can affect the turbulent
momentum flux in weak-wind conditions depending on the tilt rotation method. It is not
known if the tilt rotation leads to improved fluxes since the true flux is not known and the
mean vertical motion may include a real directionally dependent contribution in very stable
conditions where minor surface obstacles can significantly perturb the flow. This study uses
unrotated data with the concession that momentum fluxes may be significantly influenced
by sonic misalignment.
Automated quality control procedures may be too aggressive for very weak turbulence,
particularly with those procedures that eliminate data with large kurtosis or skewness or very
small u∗. Here, we eliminate only data where values exceed meteorologically impossible
thresholds. 5-s and 1- min periods are eliminated when more than 30% of the data are miss-
ing. In addition, all records were visually checked for erratic behaviour, which was sometimes
related to the icing of transducers.
Since the wind direction is constantly shifting in near-calm conditions, we cannot elimi-
nate flow through the tower without fragmenting the time series. For very stable conditions,
flux loss due to pathlength averaging may be significant and cospectral ‘corrections’ are of
uncertain validity. The cospectra for the FLOSSII observations suggest that flux loss occurs
primarily at the 1-m level where non-negligible fluxes occurred at the smallest resolved
scales. The flux loss for the 2-m data analyzed in this study appears to be small.
Vertical temperature differences are estimated in terms of sonic anemometer temperatures,
which were calibrated against aspirate thermistors (Mahrt 2007) during periods when they
worked properly. The calibrated sonic anemometer temperatures were then checked for well-
mixed conditions during cloudy strong-wind cases. Based on these comparisons, the error in
the estimated vertical temperature difference could be 0.1–0.3 K. These errors are problem-
atic for near-neutral conditions, but of little consequence for the cases of strong stratification.
3 Averaging Times
Turbulent fluxes are normally computed from deviations from an average computed over
averaging time, τs . Choice of τs might be based on the cospectra or integrated cospectra,
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as in the OGIVE approach (Desjardins et al. 1989; Friehe et al. 1991). Unfortunately, the
separation of turbulence from non-turbulent motions becomes ambiguous in some near-calm
conditions. This is due to a mix of turbulent and non-turbulent motions on a given time scale,
including trends due to larger-scale non-turbulent motions. In addition, the characteristics of
the motions dominating the flux only gradually change with increasing time scale. Instead
of attempting to isolate the turbulence for near-calm conditions, we study the dependence
of the flow characteristics on scale by crudely dividing the flow into three ranges of time
scales:
(1) The most turbulent-like motions for near-calm winds extend up to time scales of about
5 s (Sect. 5). We loosely refer to fluctuations on time scales less than 5 s as ‘turbulence’
although even these short time scales include non-turbulent motions.
(2) We also analyze characteristics of deviations of 5-s averages from 1- min averages rep-
resenting motions on time scales from 5 to 60 s. Motions on such scales for near-calm
conditions do not generally satisfy classical turbulence expectations (Sect. 5), but in the
mean, transport heat downward. These motions are characterized by large temperature
fluctuations and weak vertical motions compared to the 0–5 s turbulence.
(3) Motions on time scales between 1 min and 1 h are dominated by wave-like modes,
microfronts and frequently occurring more complex structures. These scales are char-
acterized by erratic variation of fluxes, although Acevedo and Mahrt (2010) found a
greater vertical coherence of such fluxes with specific choices of the sonic tilt rotation.
The flux by motions on time scales of 1 min or more will not be considered further in this
study.
Decomposing the flow into finer ranges of time scales, such as afforded by the wavelet
decomposition, leads to better time-scale resolution. Within large scatter, this type of analy-
sis shows continual variation of flow characteristics with increasing time scale. The broader
ranges of time scales used in this study provide better sampling.
Turbulent fluxes are often averaged over a longer time scale, τF, to reduce sampling prob-
lems. This is particularly necessary in near-calm conditions where occasional events can
dominate the flux. The chance occurrence of a single event can account for much of the total
flux for a given hour. As a result, we choose a large value of τF, here equal to 6 h, beginning
at 2300 local standard time and ending at 0500 local standard time. This provides one long
record for each night. Averaging times longer than 6 h begin to incorporate more signif-
icant non-stationarity due to diurnal variation and synoptic scale variations. The standard
error of the flux is small for almost all of the 6-h periods because of the long record length.
However, the standard error is a poor measure of the uncertainty with near-calm conditions
due to the large kurtosis and strong contribution of a limited number of events. For this
reason, error bars are avoided in this study and scatter plots are sometimes used to indicate
variability.
Six-hour periods are eliminated when more than 30% of the data are missing. Three of
the remaining 133 6-h periods are characterized by very weak upward heat flux. We retain
these records; if such an upward heat flux is due to random-like variation, eliminating these
records would create a bias. Fluxes associated with the 0–5 and 5–60 s range of time scales
will be averaged over 1 min for the analysis in Sect. 6, and averaged over 6 h for the analysis
in the next section.
The 2-m vector-averaged wind speed over 6 h is bimodal with a relative maximum at
about 4 m s−1, usually corresponding to synoptically active periods, and a second maximum
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Fig. 1 Frequency distribution of
the speed (m s−1) of the 6-h
vector-averaged wind for the
nocturnal period of 2300–0500
local standard time












for weak winds less than 1 m s−1 (Fig. 1). About 30% of the nocturnal records have a vector-
averaged speed of less than 1 m s−1, and almost 25% of the total records have an averaged
speed of less than 0.5 m s−1.
4 Quantifying Flow Characteristics
Existing analysis strategies, such as spectra and scaled quantities, are not effective in near-
calm conditions. We now define quantities for describing the mean flow and the turbulence
to contrast the near-calm regime with more significant winds using the entire nocturnal data
set (133 6-h records).
4.1 Velocity Scales and Stability
Our general approach is to relate the turbulence exclusively to the mean flow and not to relate
non-dimensional turbulence quantities to other non-dimensional turbulence quantities, as is
common in similarity theory. For example, z/L will be used as a characteristic of the turbu-
lence rather than a predictive stability parameter. We begin by reviewing the basic velocity
scales that represent the mean flow. The speed of the 6-h vector-averaged wind
V ≡ ([u]2 + [v]2)0.5 (1)
is evaluated at 2 m, the same level for evaluation of the turbulence quantities.
The mean shear
δV ≡ (([u(z2)] − [u(z1)])2 + ([v(z2)] − [v(z1)])2)0.5 (2)







where δθ is the difference in potential temperatures between 1 and 10 m. Using temperatures
over thinner layers leads to larger (percentage-wise) errors.
The sensitivity of the Richardson number to choice of levels and layer thickness, dem-
onstrated in Balsley et al. (2008) and Tjernström et al. (2009), can become extreme for
near-calm winds. The utility of the Richardson numbers suffers from extremely large values






where again V is the speed of the vector-averaged wind. Here, Fr is equivalent to the square
root of the inverse of a bulk Richardson number.
For near-calm conditions, the turbulence is generated mainly by wave-like and other sub-
meso motions and the turbulence becomes poorly related to the above mean velocity scales.
‘Submeso’ sometimes refers to the wide variety of motions on scales larger than the tur-
bulence, but smaller than the minimum meso-γ scale (2 km). Here, we define a submeso
velocity scale as
Vsm ≡ [uˆ2 + vˆ2]0.5 (5)
where φˆ is the deviation of the 1- min average from the 1-h average where φ is any variable,
and again [ ] represents averaging over the 6-h record. The above velocity scale represents
the kinetic energy of the submeso motions, and is not systematically related to the 6-h vector-
averaged speed (not shown). The submeso activity is always present, but exerts a significant
influence on the flow only when the mean wind speed is small. The relationship of the tur-
bulence to the 1- min averaged flow is complex partly because the turbulence may not reach
equilibrium with the constantly changing 1- min flow. Initial attempts to relate the turbulence
to different scales contributing to Vsm failed to identify a dominant time scale.
We also define a generalized velocity scale as
Vgen ≡
(
V 2 + βV 2sm
)0.5 (6)
where β is nominally assigned to be unity. This formulation is analogous to the generaliza-
tion of the velocity scale in the free-convection case (Godfrey and Beljaars 1991) where Vsm
represents convective boundary-layer scale motions.
4.2 Turbulence Quantities
The turbulence will be represented by σw , the standard deviation of the vertical velocity
fluctuations for the time-scale range of 0–5 s. The horizontal velocity fluctuations are more
contaminated by non-turbulent motions. The vertical velocity fluctuations are more closely
related to the mean speed than the mean shear (compare Fig. 2a and b), possibly because of
the greater vulnerability of the shear to various errors. However, for near-calm winds (lower
left corners of Fig. 2a, b; V < 0.5 m s−1), σw is poorly predicted by the mean wind or the
mean shear. The generalized velocity scale (Eq. 6) modestly improves the prediction of σw for
near-calm conditions in that it narrows the cloud of points for the weakest wind conditions.
Compare the lower left corners of Fig. 2b and c. The value of σw asymptotically vanishes for
non-zero generalized velocity scale (Fig. 2c). The standard deviation of the vertical velocity
fluctuations for the time scale range of 5–60 s (not shown) depends on the velocity scales in
a similar manner.
Non-dimensional turbulence quantities include z/L for both the 0–5 s fluctuations and 5–
60 s fluctuations. Unlike the traditional use of z/L as a stability parameter, here we examine
the behaviour of z/L as a characteristic of the fluctuating motions and instead define stability
in terms of the mean flow (Fr ). The turbulence characteristics will also be expressed in terms
of correlations between w′ and φ′, and the skewness and kurtosis of the fluxes, where φ is
potential temperature or one of the horizontal velocity components. We will evaluate the
velocity aspect ratio (anisotropy parameter) as
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Fig. 2 The dependence of 0–5 s σw(m s−1) on: a the 1–10 m wind shear (m s−1), b the wind speed and c the




σ 2u + σ 2v
)0.5 , (7)
which becomes unity when all three variances become equal. The ratio of the available
potential energy to the kinetic energy increases with stability and increases with scale (Winters
et al. 1995; Zilitinkevich et al. 2009). The ratio of the perturbation potential energy to the
vertical component of the kinetic energy
P E/K Ez ≡ [T
′T ′]g
[θ ][w′w′][∂θ/∂z] (8)
where PE refers to the potential energy and K Ez refers to the vertical component of the
kinetic energy. This ratio is more sensitive to the stability and scale than the ratio of potential
energy to the total kinetic energy since the horizontal velocity fluctuations contain a large
non-turbulent contribution.






is computed as the variance of the 1- min averaged fluxes due to the 0–5 or 5–60 s range of
scales, divided by the flux averaged over the entire 6-h period where, here, φ is the deviation
of the 1- min average from the 6-h average. Rvar will be evaluated for φ equal to the heat
flux or momentum flux. Large values of Rvar identify situations where the intermittency is
sufficiently large that the interpretation of the 6-h averaged flux is uncertain.
5 Scale and Stability Dependence of Turbulence Characteristics
Both the wind speed and the Froude number can be used to classify the flow characteristics.
Although Fr depends on δθ in addition to wind speed, it is generally well correlated with
wind speed (Fig. 3a) because δθ is inversely related to wind speed (Fig. 3b). Twenty seven
of the 30 6-h records with Fr < 1 satisfy the near-calm condition of V < 0.5 m s−1 while
three records are characterized by 0.5 m s−1 < V < 1.0 m s−1. Coincidentally, the near-calm
condition of V < 0.5 m s−1 also yields 30 6-h records of which 27 correspond to Fr < 1.
The strongly stable cases and the near-calm cases generally coincide.
We now examine the variation of turbulence characteristics for the entire range of the
Froude number, with emphasis on very stable conditions where the Froude number is less
than unity. For weaker stability (Fr > 1), z/L based on both the 0–5 and 5–60 s range of
scales decreases with decreasing stability (increasing Fr , Fig. 4a). The similarity between
scale ranges for Fr > 1 is probably due to the dominance of both scale ranges by fully
developed turbulence. For the most stable regime (Fr < 1), the dependence of z/L on Fr
shows much more scatter as the turbulence is more related smaller-scale motions compared
to the mean flow.
Fig. 3 a The dependence of Fr
on the 2-m wind speed V (m s−1).
b The dependence of the vertical
difference of potential
temperature (K) between 1 and
10 m on the 2-m wind speed
(m s−1). All quantities are
computed from 6-h averages
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Fig. 4 a The dependence of z/L on Fr for the 0–5 s motions (red plus) and for the 5–60 s motions (black
circle). The three 6-h records with very weak upward heat flux are offscale. b Ratio of the perturbation potential
energy to the vertical kinetic energy (P E/K Ez ) as a function of Fr for the 0–5 s motions (red plus) and for
the 5–60 s motions (black circle). For Fr < 1, eight of the records for the 5–60 s motions correspond to a
ratio greater than 7 and are thus offscale. The thin vertical lines indicate Fr = 1 while the horizontal lines
indicate z/L or P E/K Ez = 1. All quantities are computed from 6-h averages
For strong stability (Fr < 1), z/L is sometimes 1, corresponding to values of L sig-
nificantly less than 2 m. If L is a useful measure of the dominant eddy size, which is a
weaker assumption than the validity of Monin–Obukhov similarity theory, then large values
of z/L  1 imply that the dominant eddy size is smaller than the 2-m height above ground.
This suggests that the eddies at 2 m are sufficiently constrained by the stratification that they
are not directly interacting with the ground surface. This is a statistical statement and isolated
mixing events interact directly with the surface as well as extend to higher levels.
The ratio of the perturbation potential energy to the vertical component of the kinetic
energy (P E/K Ez) for the 0–5 s scale range is much less than one for weaker stability
(Fr > 1), but increases to order of unity for the strongest stability cases (F = O(0.1),
Fig. 4b, red plus). The ratio of potential energy to vertical kinetic energy is much greater for
the 5–60 s range of scales. Compared to the 0–5 s motions, the 5–60 s motions are charac-
terized by weaker vertical velocity fluctuations and larger temperature fluctuations for the
entire range of stability. P E/K Ez effectively reveals the scale dependence of the fluctuating






























Fig. 5 a The correlation between the vertical velocity fluctuations and temperature fluctuations for the 0–5
s motions (red plus) and for the 5–60 s motions (black circle), as a function of Fr , b Kurtosis of the 0–5 s
momentum flux (black cross) and heat flux (red plus). All the quantities are computed from 6-h averages
The large temperature fluctuations associated with weak vertical velocity fluctuations on
5–60 s scales could be related to the longer duration of larger-scale vertical velocity fluc-
tuations. For example, the temperature fluctuations could be posed as θ ′ ∼ w′(d[θ ]/dz)τ ,
where τ is the time scale of the vertical velocity fluctuations and the primes temporarily
represent typical magnitudes of the fluctuating quantities. Since the vertical velocity fluctua-
tions decrease more slowly than linearly with increasing time scale (not shown), this scaling
argument predicts increasing θ ′ with increasing time scale.
The magnitude of the correlation between the 0–5 s vertical velocity fluctuations and
temperature fluctuations (Fig. 5a, red plus) is typically about 0.35 for very weak stability
(Fr > 5). The magnitude of the correlations decreases with increasing stability. For strong
stability (Fr < 1), the correlation averages only about 0.2 for the 0–5 s scale range. Since
turbulence is normally associated with larger correlations, even the 0–5 s scales may be sig-
nificantly influenced by nonturbulent motions. The magnitude of the correlation for the 5–60
s range of scales averages less than 0.1 for strong stability (Fig. 5a, black circle, Fr < 1) such
that the transporting motions are a minor part of the fluctuating flow. The correlation coef-
ficients between vertical velocity and along-wind velocity fluctuations (not shown) average
only about half of the correlations between vertical velocity and temperature fluctuations.
123












Fig. 6 The 0–5 s V AR ≡ √2σw/(σ 2u + σ 2v )0.5 as a function of Fr . All the quantities are computed from
6-h averages
The values of the correlations show little relationship to the exact value of Fr for the most
stable conditions since the turbulence is no longer closely related to the mean flow.
For weaker stability (Fr > 1), the standard deviation of the 1- min fluxes for the 0–5 s
range, divided by the 6-h average of this flux (Eq. 9), is typically small compared to unity (not
shown). For stronger stability, this ratio is often large compared to unity. This underscores
the large within-record variability for very stable conditions due to the influence of isolated
mixing events on the record-averaged flux. The kurtosis is often used as a measure of the
intermittency of the turbulence (Vindel et al. 2008). The kurtosis of the heat and the momen-
tum fluxes is greater than 10 for most of the very stable records (Fr < 1) and approaches
100 for some of the records where one or two events dominate the 6-h flux (Fig. 5b). In
contrast, with intermittency typically reported in the literature for the stable boundary layer
(Katul et al. 1994), the kurtosis of the heat flux is less than 10. The kurtosis of the heat
and momentum fluxes is even larger for the 5–60 s range of scales (not shown). The large
variability of the fluxes is an important characteristic of the fluxes for very stable conditions.
The velocity aspect ratio (√2σw/(σ 2u + σ 2v )0.5) for the 0–5 s motions (Fig. 6) reaches
a maximum of about 0.7 for Fr ≈ 1. The velocity aspect ratio decreases with decreasing
stability as Fr becomes large compared to unity. For less stable conditions, the horizontal
variance may be dominated by larger eddies that are more constrained by the ground surface
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(Mauritsen and Svensson 2007). For the most stable conditions (Fr < 1.0), the velocity
aspect ratio is characterized by large scatter, but can be significantly smaller than 0.7, evi-
dently because of the strong constraint of the stratification on the vertical motions. Even at
only 2-m height, the strong stratification may be more constraining than the ground surface.
This dominating impact of stratification on eddy size is consistent with those values of L that
are significantly smaller than 2 m for Fr < 1.0 (Fig. 4a). As an aside, Zilitinkevich et al.
(2009) suggest that large scatter in the velocity aspect ratio for strong stability could result
from the wave contribution to the vertical velocity fluctuations, although the wave influence
is expected to be small for the 0–5 s range of time scales.
The scatter can be reduced by imposing conditions on non-stationarity across the 6-h
records. However, one of the purposes of this investigation is to quantify the large variability
of the turbulence between very stable records. The large variability for the very stable regime
can be related to the event nature of the flux, and is examined in the next section.
6 Near-Calm Regime
The near-calm regime consists of the thirty 6-h records where the speed of the 6-h vector-
average wind is less than 0.5 m s−1. While the Froude number and 6-h wind are both useful
for contrasting the near-calm regime with stronger winds, they are not useful for predicting
the variation of turbulence quantities within the near-calm regime. Inclusion of the submeso
velocity (Eq. 5) scale provides only modest improvement for predicting the 6-h turbulence
quantities. With current understanding, it is not possible to identify the primary length and
velocity scales, if they exist. We proceed with analysis of dimensional variables without
scaling.
Since the 6-h averaged turbulent quantities for the near-calm regime are poorly related to
the mean 6-h averaged speed and stratification, we now evaluate inter-variable relationships
Fig. 7 a The dependence of the
1- min σw(m s−1) for the 0–5 s
fluctuations on the 1- min wind
speed. The cloud of points in the
lower left part of a contains
approximately 99% of the points.
b The dependence of the
bin-averaged σw on the 1- min
wind speed for the 0–5 s
fluctuations (red) and the 5–60 s



























1− min wind speed (m s−1)
1− min wind speed (m s−1)
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1− min wind speed (m s−1)
Fig. 8 a The dependence of the 1- min averaged 0–5 s heat flux (K m s−1) on the 1- min wind speed (m s−1),
b corresponding bin-averaged heat flux for the 0–5 s fluctuations (red solid) and 5–60 s fluctuations (black
dashed) and c corresponding bin-averaged along-wind momentum flux (m2 s−2) for the 0–5 s fluctuations
(red solid) and 5–60 s fluctuations (black dashed)
between the 1- min averaged fluxes and the 1- min averaged wind speed and stratification. The
1- min averaged wind and stratification resolves the wave-like modes and other small-scale
motions. To examine the influence of these motions on the turbulence, all 1- min periods
from the near-calm 6-h records are combined into one dataset containing approximately ten
thousand 1- min values. On average, the 1- min values of σw tend to increase significantly
when the 1- min averaged wind speed exceeds about 1.5 m s−1 (Fig. 7), although the scatter
is large. A few mixing events occur for weaker wind speeds (Fig. 7a), but account for a very
small fraction of the very large number of weaker-wind cases.
On average, the 1- min heat flux (Fig. 8) increases significantly when the wind speed
exceeds about 2 m s−1. Heat flux events for speeds less than 1.5 m s−1 are infrequent since the
cloud of points contain almost 10,000 1- min periods. Consequently, the temporary increases
of wind speed to values greater than 2 m s−1 substantially increases the probability of gen-
eration of turbulence events and significant flux. For speeds less than 1.5 m s−1, the shear is
evidentally inadequate to generate significant turbulence, although the remaining very weak
turbulence never vanishes. One-min averages of the 0–5 s momentum fluxes (Fig. 8c) exhibit
similar dependencies on wind speed compared to that for heat. However, the 5–60 s scales
transport as much momentum as the 0–5 s scales, corresponding to a shift of momentum flux
to larger time scales compared to the heat flux. The scatter in Figs. 7 and 8 is probably related
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1− min wind speed (m s−1)
Fig. 9 The dependence of the fraction of the total heat flux for all of the records (Fcond, K m s−1) on the
1- min wind speed (m s−1) for 1- min averages of the 0–5 s heat flux (K m s−1, red solid) and the 5–60 s heat
flux (K m s−1, black dashed). The relative fractional heat flux (RFcond/100, K m s−1) is shown for the 0–5 s
range of scales (cyan, dashed dot)
to the imperfect relationship between the wind speed, shear and wind-profile curvature and
failure of the turbulence to completely adjust to the constantly changing wind field.
The more significant winds associated with the mixing events could be a result of the
downward mixing of momentum and not a cause of the mixing events. However, there is
no systematic lag of the wind speed with respect to the momentum flux, suggesting that
downward mixing is not the primary cause of the transient increases in wind speed.
To further study the dependence of the heat flux on wind speed, we define the fractional
flux as the total summed contribution from a given wind-speed interval, divided by the total





Here, the sum is carried out over all of the 1- min periods in the near-calm dataset and ‘cond’
refers to the selection of 1- min periods from a given wind-speed interval. The fractional
contribution to the heat flux is greatest for wind speeds of about 1 m s−1 for both the 0–5 s
range of scales (red line in Fig. 9) and the 5–60 s range of scales (black dashed line in Fig. 9).
One- min speeds less than 1 m s−1 are more common, but are characterized by very weak
heat flux. Speeds greater than 1.5 m s−1 are characterized by larger heat flux, but are much
less frequent. For comparison, the relative frequency maximum of the 1- min speed occurs
at about 0.8 m s−1.
At the same time, the infrequent higher-speed events explain a disproportional fraction of
the flux. This can be documented in terms of the relative fractional flux, defined as
RFcond ≡ FcondNcond (11)
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Fig. 10 a The dependence of the 1- min averaged 0–5 s heat flux on σw(m s−1). b The dependence of the
1- min averaged 0–5 s σw on δθ . The red line represents bin-averaged quantities
where Ncond is the fraction of 1- min periods occurring within a given wind-speed interval
where values of the ratio greater than unity indicate higher than average flux. The relative
fractional flux reaches a maximum of 10 at the 1- min speed interval centered at 3.25 m s−1
and decreases to values much less than one for the weakest winds. The leveling off of RFcond
at the highest winds speeds could be a result of a rapidly decreasing sample size at stronger
wind speeds. The distribution of the heat flux is not bimodal because the isolated mixing
events have a broad distribution of strength, as also found by Nakamura and Mahrt (2005)
for the CASES-99 data. Presumably some of the mixing events are captured in the decay
stage or only the edge of the event is captured.
The magnitude of the downward heat flux increases faster than linearly with increasing
σw, although the scatter is large (Fig. 10a). The maximum downward heat flux seems to be
sharply constrained by the value of σw. This observation can be interpreted in terms of a
maximum downward heat flux that can be supported by a given strength of the turbulence.
Bin-averaged values of σw show little systematic dependence on the stratification (red line in
Fig. 10b). The cases of weakest stratification (δθ < 3 K) include a few 1- min periods with
the strongest turbulence, although these limited number of cases have only a small influence
on the bin-averaged heat flux and occur almost exclusively with stronger winds. The ratio
σw/V (not shown) also shows little systematic dependence on δθ . The generation of mixing




Nocturnal sonic anemometer measurements at 2 m were analyzed to examine the turbulence
mixing in very weak winds. The Froude number (as defined by Eq. 4) was found to be a better
posed stability function than the Richardson number for very strong stratification since the
Richardson number can reach extremely large values for very weak winds. One of the goals
of this study was to examine the relationship (or lack of) between the turbulence and the mean
wind and temperature fields. Therefore, z/L is not used as an external stability parameter,
but is used instead as a characteristic of the turbulence. Because of the strong influence of
infrequent mixing events for near-calm winds, a long 6-h averaging time was used. Even then,
the averaged flux for very stable conditions can be dominated by a limited number of events
associated with flow acceleration. The large within-record and between-record variability of
the flux is an important characteristic of the turbulence for very stable conditions.
As the stability increases (decreasing Froude number), z/L increases and the correlations
of w′ with θ ′, u′ and v′, all decrease. The ratio of the vertical velocity fluctuations to the
horizontal velocity fluctuations,
√
2σw/(σ 2u +σ 2v )0.5, decreases with decreasing stability and
increasing wind speed, presumably because increasingly larger eddies are more constrained
by the ground surface. This ratio also decreases for the very stable conditions when the strong
stratification severely inhibits vertical motions and L can be significantly smaller than the
2-m height above ground. This inference is visualized by videos of machine-generated fog
(http://www.youtube.com/watch?v=8fu1bvGIF44).
The ratio of the available potential energy to the vertical component of the kinetic energy
increases significantly with increasing stability. This energy ratio increases substantially with
scale, serving as an effective representation of the change of scale dependence with stability.
For very stable conditions (Fr < 1), the relationship between the turbulence and the mean
flow becomes more uncertain, partly due to event-like shear generation of turbulence by non-
stationary submeso motions and associated large skewness and kurtosis of the turbulence
quantities. Complete separation between the turbulence and non-turbulent motions becomes
problematic for very stable conditions and the characteristics of the fluctuating flow change
only gradually with increasing time scale.
Very stable conditions (Fr < 1) generally correspond to the vector-averaged wind speed
< 0.5 m s−1. Such winds are referred to as the near-calm wind regime, which also occurs
for a few cases with weak stratification. In this regime, the behaviour of the turbulence is no
longer related to the mean wind speed or stratification. The turbulence events in the near-calm
regime are much more likely to occur when the 1- min wind speed temporarily exceeds about
2.0 m s−1. Significant scatter is probably due to non-stationarity, complex vertical wind pro-
files and failure of the turbulence to achieve equilibrium with the changing wind profiles.
Except for very weak stratification when σw is larger, the turbulent flux and σw are not
systematically related to transient variations of the stratification.
For near-calm winds, the correlation between the vertical velocity and temperature fluc-
tuations on time scales of 0–5 s averages is only about 0.2, suggesting that non-turbulent
motions influence even these small scales. The fluctuations on scales of 5–60 s lead to even
weaker correlations and a more erratic flux, although after extensive averaging, this heat flux
is downwards. The motions on scales of 5–60 s are characterized by very weak vertical veloc-
ity fluctuations, which are only weakly correlated to the temperature fluctuations. However,
the temperature fluctuations are large on these scales, leading to significant heat flux in spite
of weak correlations. Present physical understanding of the near-calm case is insufficient to
determine the primary governing length and velocity scales required for similarity theory.
A more detailed analysis of the evolution of mixing events and their dynamics is required.
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